Introduction. The revealing and characterization of the properties of intermediate partially folded and improperly folded states arising in the process of folding-unfolding of proteins is the basic approach used in investigations to elucidate the mechanisms of folding of the polypeptide chain into a unique structure that enables the protein to perform its biological function. Stabilization of the structure of improperly folded states arising in the process of foldingunfolding of proteins is often attained due to their association and aggregation. In so doing, both disordered amorphous aggregates and ordered structures -amyloid fibrils -can arise [1] . The appearance of amorphous aggregates and their accumulation in inclusion bodies in a superexpression of recombinant proteins presents a difficult problem for biotechnology [1] [2] [3] [4] [5] [6] . An ordered association of proteins with the formation of amyloid fibrils and their accumulation in different tissues and organs lead to a number of serious diseases, such as neurodegenerative Alzheimer's and Parkinson's diseases, cataracts, malignant myeloma, etc. [7] [8] [9] [10] [11] [12] [13] . Therefore, the investigation of the properties of intermediate and improperly folded states arising in the process of folding-unfolding of proteins is not only of great importance for basic research, but also of great practical importance for biotechnology and medicine. In studying the processes of folding-unfolding of proteins and the properties of the thus-arising partially folded and improperly folded states and their aggregated forms, fluorescent methods based on the recording of the natural fluorescence of proteins (see, e.g., [14] [15] [16] [17] [18] ), the fluorescence of the hydrophobic probe of 1-anilinonaphthalene-8-sulfonate (ANS), complexing with which * To whom correspondence should be addressed. a Belarusian State University, 4 F. Skorina Ave., Minsk, 220050, Belarus; email: voropay@bsu.by; is a characteristic property of partially folded intermediate states of the type of a melted globule and amorphous aggregates [19] , and thioflavin T (ThT) forming an intensively fluorescing complex with amyloid fibrils [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] are widely used. In so doing, ThT does not interact with proteins in the native, completely unfolded and partially folded denaturated states of the type of a melted globule, as well as with amorphous aggregates of proteins, and specifically interacts only with proteins in the state of amyloid fibrils. The fluorescent properties of ANS have been well studied [30, 31] . At the same time, the mechanism of the ThT interaction with amyloid fibrils and the causes of the considerable increase in the quantum yield of fluorescence of ThT upon its incorporation into fibrils remain to be elucidated. Owing to its unique fluorescent properties, ThT is a perfect means for diagnosing the appearance of amyloid fibrils in various tissues and organs. Moreover, it is the testing of amyloid fibrils with the use of the ThT fluorescence that has become the express condition in its in vitro investigation (see, e.g., [32] [33] [34] [35] ). The number of publications along these lines is steadily increasing.
The task was to study the spectral properties of ThT in solutions with different dielectric characteristics and viscosity and in the composition of amyloid fibrils. The aim of the investigations is to elucidate the mechanism of the considerable increase (by a few orders of magnitude) in the ThT fluorescence intensity upon its incorporation into amyloid fibrils.
Materials and Methods. We used the preparation ThT (Fluka, Switzerland), ethanol, methanol, dioxane, acetone, hexane, chloroform, glycerol (Merck, Germany), cyclohexane (Fisher, USA), and 1-butanol (Baker, USA). Thioflavin was recrystallized from an acetonitrile + ethanol mixture in a 3:1 ratio. The crystals were washed on a filter with ethanol.
The absorption spectra were measured on Hitachi EPS-3T-type (Japan) and Solar PV 1251A (Belarus) spectrophotometers. Fluorescent measurements were made using a Spex FluoroMax-2 spectrofluorimeter (USA) and the spectrofluorometric laboratory facility presented in [36] .
Results. ThT absorption spectra in various solvents. The intensity and the maximum position of the longwavelength absorption band of ThT are largely determined by the solvent. This band has the shortest-wavelength maximum position in the case of water solution of ThT and the longest-wavelength one -in chloroform and glycerol. The absorption spectrum of ThT in glycerol-water mixtures with increasing content of glycerol shifts towards the longwave region with a simultaneous increase in the absorption intensity (Fig. 1) . In investigating the influence of solvent on the ThT absorption spectra, it has been found that ThT practically is not dissolved in hexane and cyclohexane. The dissolved part of the ThT preparations in these solvents has absorption spectra with a maximum near 340-350 nm that are most probably due to the impurity in the ThT preparations. This is evidenced by the disappearance of this absorption band in hexane and cyclohexane upon ThT recrystallization.
ThT fluorescence in various solvents. When excited in the region of the long-wave absorption band (λ exc = 440 nm), ThT fluoresces with an emission-band maximum at 474 nm. The shape and position of the fluorescence-band maximum are independent of the solvent, while the fluorescence intensity is strongly dependent on it (Fig. 2a, b) . The lowest fluorescence intensity has been registered for the water solution of ThT and the highest one -for ThT in glycerol. In measuring the fluorescence excitation spectra (λ exc = 480 nm), we have found that these spectra are simi- (5); C ThT = const. lar in shape and maximum position to the absorption spectra only for ThT solutions in glycerol and chloroform. It was rather surprising that the ThT fluorescence spectra in water had a maximum at 340 nm and in alcohols -at 355-360 nm (Fig. 2b) , i.e., in the spectral region corresponding to the minimum in the ThT absorption spectrum. Only the long-wave shoulders of the ThT excitation spectra in these solvents lie in the spectral region corresponding to the long-wave absorption band of ThT. Upon excitation in the region of the maximum of the excitation spectra (λ exc = 340 nm) for ThT in these solvents fluorescence bands with a maximum in the spectral region corresponding to the long-wave absorption band of the dye are observed (Fig. 2) . At the same time, the intensity ratio I 340 ⁄ I 420 in the ThT fluorescence excitation spectra at the wavelengths of 340 and 420 nm in water and alcohols upon recrystallization of the preparations decreased by a factor of 2 and 4, respectively.
Fluorescence of ThT intercalated into amyloid fibrils. The fluorescence spectra of ThT incorporated into amyloid fibrils are similar in shape and maximum position to the fluorescence spectra of ThT in the water solution upon excitation in the region of the long-wave band of the absorption spectrum and the fluorescence excitation spectra are similar to the ThT absorption spectra (Fig. 2c) .
Upon the addition of amyloid fibrils to the ThT solution, the fluorescence intensity of the dye increases by a few orders of magnitude and grows with increasing concentration of fibrils (Fig. 2d) . The fluorescence intensity of 0.01 µM of ThT in the buffer solution in the presence of 0.02 mg/ml of insulin fibrils exceeds the ThT intensity in the water solution by a factor of ,1000.
Discussion. ThT fluorescence in water solutions and alcohols. According to the literature data [20, 21] , the water solution of ThT has a fluorescence spectrum with a maximum at 438 nm and a fluorescence excitation spectrum at 350 nm. The close values of the maximum position of the fluorescence excitation and radiation spectra are given in [22] [23] [24] [25] . It should be noted that in all these works it has been shown that the fluorescence excitation and radiation spectra are shifted towards the long-wave region upon incorporation into the fibrils. Our data point to the fact that, upon excitation in the region of the long-wave absorption band of the dye, ThT in fibrils, water, and alcohol solutions, as well as in glycerol, chloroform, and PVA film (the data are not given) fluoresces in one and the same spectral region with a maximum at 478-484 nm (Fig. 2a, b, d ). At the same time, indeed, upon excitation in a shorter-wave region of the spectrum (λ exc = 340 nm) of ThT in the water solution and alcohols a fluorescence band with a maximum near 440 nm is observed (Fig. 2b) . This band has a fluorescence excitation spectrum with maxima at 340 nm in water and 355-360 nm in alcohols.
Such an unusual spectral behavior of ThT in water and in a number of alcohols, as we see it, can only be explained if we assume the presence in the composition of the ThT preparations of an impurity having an absorption band with a maximum at 340-350 nm and a fluorescence with a high quantum yield. This is evidenced by the decrease in the contribution to the ThT fluorescence excitation spectrum of the band with the 340-nm maximum upon recrystallization of the preparation. It is this impurity that determines the appearance of the absorption band with a maximum near 340-350 nm upon ThT "dissolution" in hexane and cyclohexane (see above).
The appearance of the "normal" fluorescence band with a maximum at 474 nm upon excitation in the region of 340 nm can be attributed to the reabsorption of the impurity fluorescence by the ThT molecules or the nonradiative energy transfer from the impurity to the ThT molecules. It should be noted that abnormal fluorescence and fluorescence excitation spectra are only observed in the cases where the "normal" fluorescence of ThT excited in the region of the long-wave absorption band has a low quantum yield. These bands do not show up against the background of the intensive fluorescence of ThT in glycerol or chloroform.
Dependence of the spectral characteristics of ThT on its concentration in solution. Possible artifacts. The ThT excitation spectrum in glycerol obtained by us is similar in shape and maximum position of the spectrum to the absorption spectrum of the dye (Fig. 3) . At the same time, according to the data of [23] , the ThT excitation spectrum in glycerol represents a wide band with two maxima. From our point of view, such a character of the spectrum is likely to be due to the fact that it was registered for a solution with a high concentration of the dye (30 µM). The effect is due to the character of the dependence of the fluorescence intensity on the optical density of the solution. The fluorescence intensity is proportional to the exciting-light intensity I 0 , the fraction of the light absorbed by the sample (1 − T), and the quantum yield of fluorescence q: Thus, the fluorescence intensity is proportional to the concentration of the fluorescent substance only at low values of the optical density of the solution being investigated; at high values of the optical density (high concentration) the fluorescence intensity is independent of the concentration of the fluorescent substance in the solution. In practice, the dependence of the fluorescence intensity on the optical density of the solution does not reach a plateau, as one would expect, and upon attaining a certain optical density begins to decrease. This is due to the fact that at high optical densities the exciting light does not reach the region of the cell which the facility's detector "sees" ("internal filter" effect).
It is especially important to take into account the foregoing in measuring the excitation spectra. The optical density of the solution changes depending on the excitation spectrum. It is maximal in the region of the absorptionband maximum, which provides the possibility of a dip in the excitation spectra in working with solutions of a high optical density. Figure 3a gives the fluorescence and fluorescence excitation spectra of ThT in glycerol. At a high concentration of the dye the fluorescence intensity decreases with increasing concentration, and in the fluorescence excitation spectrum there is a characteristic dip with a minimum corresponding to the maximum of the long-wave band of the absorption spectrum. The fluorescence excitation spectrum obtained thereby is very similar in shape to the fluorescence spectrum of ThT in glycerol presented in [23] .
Interestingly, for the water solution of ThT, as the dye concentration increases, at the long-wave edge of the excitation spectrum first a shoulder and at high concentrations even an additional band arises (Fig. 3b) . However, these results are not associated with the formation of aggregated forms of the dye, as would seem at first glance, but are due to (for the above reasons) the appearance of a minimum in the excitation spectrum exactly corresponding to the minimum of the absorption spectrum ThT in this solvent (Fig. 3b, curve 9 ′ ) .
Fluorescent properties of ThT in solvents with a different polarity and viscosity. A possible cause of the low quantum yield of ThT in the water solution and in a number of other solvents is the breakage of the system of conjugated bonds due to the reorientation of benzothiazole and benzamine rings of ThT with respect to one another. The unexcited thioflavin molecule has a near-planar configuration. Upon excitation there occurs an intramolecular charge transfer between the rings. The nonequilibrium state (with separated charges) that arises can be stabilized if the rings go out of the conjugation and one of them rotates by 90 o . Then back charge transfer will be impossible. Transitions with emission from this state (with rings turned to one another) are assumed to have a low efficiency.
ThT molecules in the excited state can be stabilized by a polar solvent whose molecules reorientate following the rotation of the ring. This is likely to take place in the case where the solvent is water or alcohol. When the solvent is glycerol or PVA film, the microsurrounding viscosity is high and the process of reorientation of the rings does not manage to proceed within the lifetime of the excited state. In low-polarity solvents, such as dichlorobenzene and methylene chloride, the quantum yield of fluorescence of ThT is about an order of magnitude higher than in ethanol (see Table 1 ). Ethanol and dichlorobenzene have an approximately equal viscosity. This means that the quantum yield of fluorescence of ThT is influenced not only by the viscosity of the medium but by its polarity as well. On the other hand, the quantum yield of fluorescence of ThT in low-polarity methylene chloride is about three times lower than in low-polarity dichlorobenzene. The viscosities in these solvents also differ by a factor of ,3. Thus, the value of the quantum yield of fluorescence of ThT is determined by both the viscosity and the polarity of the solvent. Nonpolar solutions cannot compensate for the electrostatic interaction between the polar fragments of the thioflavin molecule and stabilize the structure of ThT with rings rotated about one another. In this case, the transition of the molecule back to the planar form and fluorescence de-excitation are possible. The above proposals are supported by the quantum-chemical calculation of the geometry of conformers of the thioflavin T cation (Z = +1) in the gas phase done by us. The calculation was carried out by the semiempirical PM3 method [37] with the use of the GAMESS-US quantum-mechanical package [38] . The calculations have shown that the angle between the ring planes in the ground state ϕ = 30 o , i.e., the molecule is not strictly planar:
To check the possibility of rotation of the rings in the excited state, we have calculated the electronic spectrum of thioflavin by the ZINDO/S method [39] , taking into account the configuration interaction. 
